ABSTRACT Male insects with larger body size tend to mate more often than smaller males. The effects of body size on mating were studied in the ground-nesting solitary bee Colletes perforator L. (Hymenoptera: Colletidae), which usually formed clusters during mating. Clusters consisted of a female and two or more males competing to mate with the female. Mating males did not differ in average size compared with nonmating males. In mating clusters with small females, however, the mating male was smaller on average than a nonmating male. In mating clusters with large females, mating males were larger than nonmating males. Males were observed to mate more than once unlike females, which mated only once. Males observed to copulate more than once were larger on average than those copulating only once.
Body size has been considered to be one of major factors determining the outcome of physical conßicts among male insects (Thornhill and Alcock 1983) . In ground-nesting bees and wasps (Hymenoptera), intense competition among males for emerging females has been observed (Alcock et al. 1976) . Under these circumstances, larger males are likely to dominate rivals and have higher mating success (StubbleÞeld and Seger 1994) as documented for many species, including Centris pallida Fox (Hymenoptera: Anthophoridae) (Alcock et al. 1976 (Alcock et al. , 1977 Alcock 1980 Alcock , 1995 , Bembecinus quinquespinosus (Say) (Hymenoptera: Sphecidae) (OÕNeill and Evans 1983) , Diadasia rinconis Cockrell (Hymenoptera: Anthophoridae) (Neff and Simpson 1992) , Amegilla dawsoni (Reyment) (Hymenoptera: Anthophoridae) (Alcock 1996a (Alcock ,b, 1997 , and Sphecius speciosus (Drury) (Hymenoptera: Sphecidae) (Coelho and Holliday 2001) .
However, in the ground-nesting bee Colletes cunicularius L. (Hymenoptera: Colletidae), Larsson and Tengo (1989) reported no difference in head width between winners (maters) and losers (nonmaters) of maleÐmale combat over females at the nest entrance. In another bee, Nomia nevadensis Cresson, the body size of copulating males was not signiÞcantly different from ßying males, which did not copulate (OÕNeill and Bjostad 1987) . These reports suggest that the body size of males does not always affect the outcome of physical conßicts between males. However, the authors of these studies did not directly compare the body size of the winner and the loser of a given conßict, but instead compared the average sizes of winners and losers. The comparison of overall average body sizes of winners and losers does not take into account the possibility that body sizes vary among mating clusters.
In the current study, we examined the advantage associated with large body size in physical conßicts between males of the ground nesting bee, Colletes perforator Smith. We directly compare the body size of the winner and loser of individual conßicts. We also conduct an analysis of statistical power (Thomas and Juanes 1996) to determine the strength of our conclusion.
Materials and Methods
Study Area. We studied a C. perforator population nesting on a clay slope on Ainoshima Island in Shinguu, Fukuoka, Japan, from 1 October to 24 October 2002. The study area (Ϸ45 m 2 ) supported a dense aggregation of nest entrances.
Behavioral Observations. Copulation often occurred in a ball-shaped cluster of bees consisting of a female and two or more males. One male in the cluster succeeded in mating with the female, and the other (or others) did not. Therefore, there was a male and a female in copula and at least one noncopulating male in the cluster. Behavior of males and females in the mating clusters was recorded directly and with video observations. Mating clusters with a male and a female in copula were collected with nets or vials. The number of nonmating males in each cluster was recorded, although all noncopulating males were not captured in some cases. The number of these males was probably therefore an underestimate. The head width (the maximum distance between the outside of both compound eyes) of bees was measured with slide calipers to the nearest 0.01 mm. Head width was used as a measure of body size. Copulating males and females were marked with a paint marker (Mitsubishi PX-21) on their thorax before release to determine whether they would copulate again. We marked bees that had already been marked with additional distinctive colors. Therefore, bees (males and females) that were observed to copulate once had one marking, whereas those observed to copulate twice had two different markings. This marking procedure allowed us to estimate the number of copulations per individual.
Statistical Analysis. Because assumptions of equal variance and normal distribution were not violated, t-tests were used. For comparison of body size of males that mated once and those that mated twice or more, we performed a Monte Carlo test assuming the normal distribution. Because we did not give individually unique markings for males, males may have mated once, twice, or more. Thus, the comparison of body size is a nonstandard case in statistical tests, where one group is included in another group.
We conducted a power analysis (Thomas and Juanes 1996; Thomas 1997) to clarify whether our sample size is sufÞcient to detect real differences. We calculated the probability that a signiÞcant difference could be detected at the 5% level for the actual sample size of the current study if the difference of body size between winners and losers (effect size) is the same as in studies that report a large male advantage (A. dawsoni, Alcock 1996b; Habropoda depressa Fowler, Barthell and Daly 1995; S. speciosus, Coelho and Holliday 2001; C. pallida, Alcock et al. 1977) . We also used the normal distribution for power analyses.
Results
Copulations were observed from 0800 to1400 hours, although most copulations occurred between 1100 and 1300 hours. Each male patrolled Ϸ2-m square area of the slope. Males entered and inspected nesting holes. When a female emerged, males aggregated at the entrance of the nest hole where the female exited. After one of the males initiated copulation, other males (noncopulating males) tried to squeeze their bodies between those of the copulating pairs or dislodge the copulating male by pushing him away with their extended genitalia. Noncopulating males left the pair after some period of Þghting. After conßict subsided, copulating pairs ßew to another area and continued copulating. During copulation, the copulating male did not hold the body of the female with his legs but instead maintained only a genital connection. Mating clusters also were formed when other males found a copulating pair and aggregated around it. In all of 42 cases observed (24 direct and 18 video observations), males in copula were never removed from the female by other males. Males were observed to extend their genitalia and attempt to copulate with other males. This sometimes resulted in aggregations that consisted of only males.
Of 242 males marked, 221 were observed to mate once, 19 males mated twice, and two males mated three times. All females (n ϭ 265) mated only once. The proportion of multiple copulations in males was signiÞcantly higher than females ( 2 ϭ 28.99, df ϭ 1, P Ͻ 0.001).
Body size of females (3.70 Ϯ 0.10 mm [mean Ϯ SD], n ϭ 140) was signiÞcantly larger than males (3.41 Ϯ 0.11 mm, n ϭ 242) (t-test: t ϭ 25.66, P Ͻ 0.001). Body sizes of males that were observed to mate two or more times (3.45 Ϯ 0.09 mm, n ϭ 23) were larger than males that were observed to mate one or more times (3.41 Ϯ 0.11 mm, n ϭ 242). The Monte Carlo test showed that the difference was signiÞcant at the 5% level (P ϭ 0.0325).
We collected 122 mating clusters. The average number of males in a cluster was 3.26 Ϯ 2.26. Figure 1 shows the body size of noncopulating males and the copulating male in each cluster. There was no signiÞcant difference in the mean body size between copulating and noncopulating males (t-test for paired sample: t ϭ 0.37, P ϭ 0.71, n ϭ 122).
This nonsigniÞcant result does not mean that the winners and losers were necessarily the same size on average. We conducted a power analysis to clarify whether the small sample size caused the nonsigniÞ-cant result of our test. Figure 2 shows the statistical power for a given effect size. Our sample size is more powerful than the widely accepted standard level (e.g., 0.8), assuming the effect size of previous studies reporting large male combat advantage (see Materials and Methods). Thus, the sample size of the current study was sufÞcient to detect the effect of body size on copulation success.
The absence of an overall large male mating advantage does not mean that mating is random with respect to body size. Figure 3 shows the male body size of copulating and noncopulating males in mating clusters against body size of copulating females. The relationship between the body size of copulating and noncopulating males is reversed with respect to the body size of copulating females. For females with body size smaller than the average (3.70 mm), the size of copulating males was signiÞcantly smaller than that of noncopulating males (paired t-test: t ϭ 3.07, P ϭ 0.006, n ϭ 20). In contrast, for females with a larger than the average body size, the body size of copulating males was signiÞcantly larger than that of noncopulating males (paired t-test: t ϭ 2.09, P ϭ 0.048, n ϭ 24).
Discussion
The current study established that large males do not experience an advantage in physical conßicts for females in C. perforator, unlike many other species in which large males are more likely to win in Þghts over females (Alcock et al. 1977 ). In C. perforator, the absence of male territoriality and an inability of males to displace rivals in copula may explain why large males are no more successful than smaller males. In other species where no large male advantage has been reported, male territoriality and ability to displace copulating males also were not observed (C. cunicularius, Larsson and Tengo 1989; N. nevadensis, OÕNeill and Bjostad 1987) . In all three of these species (C. perforator, C. cunicularius, and N. nevadensis) , a high density of males around the nesting holes could make territoriality unproÞtable (Thornhill and Alcock 1983) .
The current study showed that males that mated more than once were signiÞcantly larger than single copulating males, a result that suggests that larger males do have higher Þtness in C. perforator. Thus, it is possible that larger males enjoyed greater mating success despite the absence of a large male advantage in physical conßicts. Perhaps larger males have more opportunities to join mating clusters because they can search for females longer than smaller ones. However, if large body size promotes male mating success, selection for this feature would be weak, because females are larger than males in this species, as is generally true for nonterritorial insects.
The present results suggest that females mate only once, whereas males are able to mate more than once. Cane and Tengo (1981) also reported a similar pattern for C. cunicularius.
Finally, the current study showed that small males were likely to mate in the mating clusters with small females, whereas large males were likely to mate with large females. This pattern can be the consequence of maleÐmale competition or female preference. The data available do not show which is the case. Regardless, our Þndings suggest that more complicated patterns than the simple large male advantage should be examined in other species. (Barthell and Daly 1995) ; e, forewing length in S. speciosus (Coelho and Holliday 2001) ; and f, head width in C. pallida (Alcock et al. 1977) . Body and thorax weights in S. speciosus (Coelho and Holliday 2001) are not plotted, because the standardized effect sizes of body weight and thorax weight are 1.30 and 1.89, respectively. The statistical power for these values are larger than 0.999. Fig. 3 . Relationship between body size of the female, noncopulating males and the copulating male in a given mating cluster. Inverted triangle, average size of females. Closed circles, body size of the copulating male. Open circles, average body size of noncopulating males.
